Neste trabalho, líquido iônico hexaflúor-fosfato de 1-butil-3-metilimidazólio (BMIMPF 6 ), em temperatura ambiente, foi usado como ligante na fabricação de um eletrodo líquido iônico de carbono (CILE). Hemoglobina (Hb) foi imobilizada na superfície de CILE com argila e um filme composto por polivinil álcool (PVA) pelo método camada por camada. Espectros de UV-Vis e FT-IR mostraram que Hb no filme reteve as características essenciais de sua estrutura original. In this paper room temperature ionic liquid 1-butyl-3-methylimidazolium hexafluorophosphate (BMIMPF 6 ) was used as binder to fabricate a carbon ionic liquid electrode (CILE). Hemoglobin (Hb) was immobilized on the surface of CILE with clay and polyvinyl alcohol (PVA) composite film by layer to layer method. UV-Vis and FT-IR spectra showed that Hb in the film retained the essential features of its native structure. Electrochemical experiments indicated that a pair of well-defined quasi-reversible redox peak was obtained in pH 7.0 Britton-Robinson (B-R) buffer solution. The reduction and oxidation peak potentials were located at −0.405 V and −0.274 V (vs. SCE) with the formal potential as −0.340 V, which was contributed to the electrochemical reaction of heme Fe(III)/Fe(II) redox couples. The results suggested that the direct electron transfer of Hb in the PVA/Clay film with the CILE was accomplished. The direct electrochemical behaviors of Hb were carefully studied with the electrochemical parameters calculated. The PVA/ Clay/Hb modified CILE gave excellent electrocatalytic ability to the reduction of H 2 O 2 and the apparent Michaelis-Menten constant (K M app ) value of Hb in the PVA/Clay film was calculated as 56.26 μmol L -1 .
Introduction
The studies on the relationships of structure and function of heme protein have intrigued researchers over the years. Hemoglobin (Hb) is a member of heme protein and contains two α chains and two β chains. 1 While hemoglobin does not function physiologically as an electron transfer carrier, it does undergo oxidation and reduction at the heme center in certain cases in vivo. 2 Therefore, the research on its electron transfer process might lead to a profound understanding of electron flow in biological systems. The direct electrochemistry of redox protein with the electrode had been extensively investigated in recent years. The research results could be used as a model to understand Vol. 20, No. 2, 2009 the electron transfer mechanism in biological system and apply to the fabrication of electrochemical biosensors or bioreactors. But the direct electron transfer of redox protein is difficult in the conventional electrode surface, so different kinds of films modified electrodes have been fabricated to provide a biocompatible microenvironment for protein to exchange the electron with the electrode. 3, 4 Recently room temperature ionic liquids (RTILs) had been used in the protein electrochemistry. As a novel and attractive solvent, RTILs have many unique physicochemical properties such as high ionic conductivity, non-volatility, wide electrochemical windows and good solubility. RTILs are compounds composed entirely of the organic cations and various anions, and exist in liquid state around room temperature. They have been used in different fields such as electrochemistry, synthesis, biocatalysis and liquid-liquid extraction and so on. [5] [6] [7] [8] Wei and Ivaska 9 had reviewed the recent applications of RTILs in the electrochemical biosensors. Zhao et al. 10 had investigated the electrical-ionic properties of RTILs/ carbon composite materials and further acted as modifiers in the direct electrochemistry of microperoxidase (MP-11). Lu et al. 11 investigated the direct electrochemistry of hemoglobin (Hb) in a composite system based on chitosan and 1-butyl-3-methylimidazolium tetrafluoroborate (BMIMBF 4 ). Yu et al. 12 also applied a water-miscible imidazoliumbased ionic liquids film modified glassy carbon electrode for the direct electrochemistry of HRP. Rozniecka et al. 13 demonstrated the effective ion transfer across RTIL/aqueous solution by using bulk modified electrode composed of carbon-nanotube based RTIL gel. ILs can also be used as a new kind of binder for carbon paste electrode. Maleki et al. 14 fabricated a carbon composite electrode by using graphite powder mixed with n-octylpyridinum hexafluorophophate (OPFP) as binder. Sun et al. 15 also combined N-butylpyridinium hexafluorophosphate (BPPF 6 ) with graphite powder to make a new kind of carbon ionic liquid electrode (CILE). The RTILs modified electrodes were also used to detect different substances such as ascorbic acid, 16 
Experimental

Apparatus
A CHI 750B electrochemical workstation (Shanghai CH Instrument, China) was used for all the electrochemical measurements. A traditional three-electrode system was used with a Hb modified CILE as working electrode, a platinum wire as auxiliary electrode and a saturated calomel electrode (SCE) as reference electrode. Voltammetry was carried out in 0.2 mol L -1 Britton-Robinson (B-R) buffer solution without hemoglobin. The buffers were purged with highly purified nitrogen for about 30 min prior to a series of experiments and a nitrogen environment was kept during the measurements. All the electrochemical experiments were performed at ambient temperature of 20±2 ºC. UV-Vis spectra were obtained on a Cary 50 probe UV-Vis spectrophotometer (Varian, Australia) and FT-IR spectra were on a Tensor 27 FT-IR spectrophotometer (Bruker, Germany).
Chemicals
Bovine hemoglobin (Hb, MW. 64500, Tianjin Chuanye Biochemical Limited Company), the ionic liquid of 1-butyl-3-methylimidazolium hexafluorophosphate (BMIMPF 6 
Preparation of PVA/Clay/Hb/CILE
Ionic liquid modified carbon paste electrode (CILE) was prepared according to the reference. 19 Generally speaking, 0.8 mL of BMIMPF 6 and 3.2 g of graphite powder were hand-mixed in an agate mortar and ground carefully. A portion of resulting homogeneous paste was packed firmly into a glass tube cavity (A = 0.12 cm CILE was used as the working electrode for the following modification.
Hb modified CILE was prepared in the following procedure. 10 μL of 15.0 mg mL -1 Hb solution (in pH 7.5 B-R buffer) was dropped onto the smoothed CILE surface and spread gently over the entire surface. The electrode was left in the air to dry under ambient conditions for about 6 h. A small bottle was fit tightly over the electrode so that water was evaporated gradually and one uniform film can be achieved. Then 10 μL of the 4.0 mg mL -1 clay suspension solution was pipetted to cover the Hb-modified CILE and dried at room temperature. Finally, 10 μL of the 2.0 mg mL -1 PVA solution was spread onto dry clay film surface. Then the preparation of the modified electrode was finished and it was denoted as PVA/Clay/Hb/CILE. The resulted Hb modified electrode was stored at 4 ºC when it was not in use. The PVA/Clay/CILE was prepared in the same procedure just without the addition of Hb.
Results and Discussion
Electrochemical behaviors of PVA/Clay/Hb/CILE
The electrochemical behaviors of entrapped Hb molecules were examined by cyclic voltammetry and the results were shown in ), which is calculated by the midpoint of Epa and Epc, was got as −0.340 V (vs. SCE) and the peak-to-peak separation (∆Ep) was got as 131 mV at the scan rate of 100 mV s -1 , which indicated a fast heterogeneous electron transfer process. [20] [21] [22] [23] The results are in good agreement with the characteristics of the heme Fe(III)/Fe(II) redox couples. While no voltammetric peak appeared at bare CILE or PVA/Clay/CILE. These results indicated that the PVA/Clay organic-inorganic hybrid membranes provided a suitable microenvironment for the Hb molecules and the presence of IL in the electrode could enhance the electron transfer rate for Hb. Then the direct electron transfer of Hb in the PVA/Clay film was achieved successfully.
Effect of the scan rate
The relationships of the anodic and cathodic peak currents with the scan rate were investigated in the range of 50 to 200 mV s -1 and the results were shown in Figure 2 (A). Both the redox peak currents increased with the scan rate and two linear plots could be obtained, which was the typical behaviors of surface-confined thin-layer electrochemistry.
The results suggested that all the electroactive Hb Fe(III) in the film was converted to Hb Fe(II) on the forward cyclic voltammetric scan and then transferred back to Hb Fe(III) on the reverse scan. For a thin-layer electrochemistry the surface coverage was estimated by the integration of the redox peak current according to the equation: Q = nFAΓ*, where Q is charge passing through the electrode with full reduction of electroactive Hb in the film, A is the geometric area of the CILE, n and F have their usual meaning, Γ* is the surface concentration of the electroactive substance.
The charge values were nearly constant in different scan rates and the average value of Γ* was calculated as 8.67 × 10 -9 mol cm -2 . Thus the fraction of electroactive Hb in the film was estimated as about 44.7%.
In the scan rate from 50 to 200 mV s -1 , all the electrochemical response of Hb showed a quasi-reversible process. With the increase of the scan rate, the reduction peak moved negatively and the oxidation peak moved positively, and the value of ∆E was less than 200 mV. According to the Laviron's equation for quasi-reversible thin-layer electrochemistry when the n × ∆E < 200 mV, the apparent heterogeneous electron transfer rate constant (ks) can be calculated with the following equations: where α is the charge transfer coefficient, n is the number of electron transfer and v is the scan rate. The relationships of Ep with logv were calculated and shown in Figure 2 (B) with two linear equations got. Form the slope and the intercept the value of n and α were got as 0.99 and 0.36, respectively. From the equation 3, the value of ks was calculated as 0.54 s -1 , which was also proved as a quasireversible redox process of Hb.
Effect of the buffer pH
In most cases the redox behaviors of Hb are often greatly dependent on the solution pH. With the increase of the pH value of buffer solution a negative shift of both the redox peak potentials of Hb appeared. The formal potential (E 0' ) showed a good linear function with the buffer pH in the range of 3.0-9.0 (Figure 3) . The slope value was calculated as −41.05 mV pH -1 , which was smaller than the theoretical value of −56 mV pH -1 (20 ºC) for reversible one proton-coupled one electron transfer process. But the linear relationship between the E 0' and the pH also suggested that the one electron transfer between the electrode and the protein was accompanied by one proton transfer. The electrode reaction equation could be simplified as: 
where the charges on Hb species were omitted.
Stability of the modified electrode
The stability of the modified electrode was also examined. After the PVA/Clay/Hb/CILE was stored at 4 ºC for one week, only 2.1% decrease in the current response was observed. After a 30 days storage period, the modified electrode retained 91.4% of its initial current response, which indicated that the PVA/Clay/Hb film had good stability.
Electrocatalytic activity to H 2 O 2
The electrocatalytic activity of Hb incorporated in the PVA/Clay film to the reduction of H 2 O 2 was further investigated with the cyclic voltammograms shown in Figure  4 . Hb is a mimic peroxidase with the similar active structure as peroxidase and showed peroxidase activity. When the different amounts of H 2 O 2 were added into a pH 7.0 B-R buffer solution, a new reduction peak at about −0.264 V was observed with the disappearance of the oxidation peak. The phenomena were the characteristics of an electrochemically catalytic reaction. While no similar results can be got at either bare CILE or PVA/Clay/CILE in the same H 2 O 2 solution. So the Hb present in the film can greatly decrease the activation energy for the reduction of H 2 O 2 . The more the H 2 O 2 added, the greater the reduction peak current increased. By using cyclic voltammetry the catalytic reduction peak current had a good linear relationship with the concentration of H 2 O 2 in the range from 7.5×10 -6 to 1.0×10 -4 mol L , the curve leveled off, which was in consistent with the enzyme catalytic kinetic mechanism of the substrate. According to the references, 25 ,26 the possible catalytic mechanism by PVA/ Clay/Hb/CILE is postulated as following: ) and pH of buffer solution. 
Spectroscopic results
UV-Vis and FT-IR spectroscopy were used to compare the structural information of Hb in the film. UV-Vis absorption spectra can give structural information about the environmental surroundings of the heme group of Hb. As shown in Figure 5 , native Hb had its Soret band at 404.68 nm in pH 7.0 buffer solution (curve a), which would shift or disappear if the protein structure had been FT-IR spectroscopy is a sensitive probe for secondary structure of proteins. The shape and position of amide I (1600-1700 cm -1 ) and amide II (1500-1600 cm -1 ) of IR bands provide detailed information on the secondary structure of the polypeptide chain. 34, 35 The amide I band at 1700-1600 cm -1 is caused by C=O stretching vibrations of the peptide linkage. The amide II band at 1600-1500 cm -1 results from a combination of N-H in-plane bending and C-N stretching of the peptide groups. If Hb is denatured, the intensities of the amide I and II bands will significantly diminish or even disappear. As shown in Figure 6 , the spectra of amide I and II bands of Hb in the PVA/Clay film (1656.02 and 1540.48 cm -1 ) were nearly the same as that of nature Hb (1654.87 and 1540.99 cm -1 ). The similarities of FT-IR spectra indicated that the Hb in the PVA/Clay composite film remained its native structure, so it could exhibit excellent direct electrochemistry and electrocatalytic behaviors.
Conclusions
In this paper a BMIMPF 6 modified carbon paste electrode was used as a new basal electrode for Hb immobilization. A PVA/Clay organic-inorganic composite film was used to entrap the Hb molecules on the surface of CILE. UV-Vis and FT-IR spectra indicated that Hb retained its native structure in the film. The direct electron transfer of Hb in the PVA/Clay film with CILE was achieved and the electrochemical behaviors of Hb were carefully investigated. The entrapped Hb exhibited good catalytic activity towards H 2 O 2 , which showed the potential for the third-generation electrochemical biosensor.
